
 
AFRL-RX-WP-TM-2010-4129 

 
 

COLLABORATIVE RESEARCH AND DEVELOPMENT 
(CR&D) 
Delivery Order 0060: Gradient Materials Morphology Modeling 
Support 
 
Ernie Pan 
 
University of Akron 
 
 
 
 
 

AUGUST 2007 
Final Report 
 
 
 
 

 
 

Approved for public release; distribution unlimited. 
 

See additional restrictions described on inside pages  
 
 

STINFO COPY 
 
 
 
 
 
 
 
 

AIR FORCE RESEARCH LABORATORY 
MATERIALS AND MANUFACTURING DIRECTORATE 

WRIGHT-PATTERSON AIR FORCE BASE, OH 45433-7750 
AIR FORCE MATERIEL COMMAND 

UNITED STATES AIR FORCE 



NOTICE AND SIGNATURE PAGE 
 
 
 
Using Government drawings, specifications, or other data included in this document for any 
purpose other than Government procurement does not in any way obligate the U.S. 
Government. The fact that the Government formulated or supplied the drawings, 
specifications, or other data does not license the holder or any other person or corporation; or 
convey any rights or permission to manufacture, use, or sell any patented invention that  may 
relate to them.  
 
This report was cleared for public release by the USAF 88th Air Base Wing (88 ABW) Public 
Affairs Office (PAO) and is available to the general public, including foreign nationals. 
Copies may be obtained from the Defense Technical Information Center (DTIC) 
(http://www.dtic.mil). 
 
AFRL-RX-WP-TM-2010-4129 HAS BEEN REVIEWED AND IS APPROVED FOR 
PUBLICATION IN ACCORDANCE WITH THE ASSIGNED DISTRIBUTION STATEMENT. 
 
 
 
 
*//Signature//              //Signature// 
 
MARK GROFF KENNETH A. FEESER 
Program Manager Chief 
Business Operations Branch Business Operations Branch 
Materials & Manufacturing Directorate Materials & Manufacturing Directorate 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This report is published in the interest of scientific and technical information exchange, and its 
publication does not constitute the Government’s approval or disapproval of its ideas or 
findings.  
 
*Disseminated copies will show “//Signature//” stamped or typed above the signature blocks.  



i 

REPORT DOCUMENTATION PAGE 
Form Approved 

OMB No. 0704-0188 

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining 
the data needed, and completing and reviewing the collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for 
reducing this burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 
22202-4302.  Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a 
currently valid OMB control number.  PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 

1.  REPORT DATE  (DD-MM-YY) 2.  REPORT TYPE 3.  DATES COVERED (From - To) 

August 2007 Final 07 August 2006 – 08 August 2007 
4.  TITLE AND SUBTITLE 

COLLABORATIVE RESEARCH AND DEVELOPMENT (CR&D) 
Delivery Order 0060: Gradient Materials Morphology Modeling Support 

5a.  CONTRACT NUMBER 

F33615-03-D-5801-0060 
5b.  GRANT NUMBER  

5c.  PROGRAM ELEMENT NUMBER 

62102F 
6.  AUTHOR(S) 

Ernie Pan 
5d.  PROJECT NUMBER 

4349 
5e.  TASK NUMBER 

L0 
5f.  WORK UNIT NUMBER 

  4349L0VT 
7.  PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

By:                  For: 

8.  PERFORMING ORGANIZATION 
     REPORT NUMBER 

University of Akron 
Computer Modeling & Simulation Group 
Department of Civil Engineering and 
   Department of Applied Mathematics 
Akron, OH 44325-3905 

Universal Technology Corporation 
1270 North Fairfield Road  
Dayton, OH 45432-2600  

 

       S-531-060 

9.   SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10.  SPONSORING/MONITORING  

Air Force Research Laboratory 
Materials and Manufacturing Directorate 
Wright-Patterson Air Force Base, OH 45433-7750 
Air Force Materiel Command 
United States Air Force 

AGENCY ACRONYM(S) 

AFRL/RXOB 
11.  SPONSORING/MONITORING  
       AGENCY REPORT NUMBER(S) 

AFRL-RX-WP-TM-2010-4129 

12.  DISTRIBUTION/AVAILABILITY STATEMENT 

Approved for public release; distribution unlimited. 

13.  SUPPLEMENTARY NOTES 

PAO Case Number: 88ABW 2010-1197; Clearance Date: 16 Mar 2010.  

Research completed in 2007. 

14.  ABSTRACT 

This research in support of the Air Force Research Laboratory Materials and Manufacturing Directorate was conducted at 
Wright-Patterson AFB, Ohio from 7 August 2006 through 8 August 2007. Dislocation mobility and stability in 
nanocrystals and electronic materials are influenced by the material composition and interface conditions. Its mobility and 
stability then affect the mechanical behaviors of the composites. In the JMPS paper, we first address, in detail, the problem 
of a screw dislocation located in an annular coating layer which is imperfectly bonded to the inner circular inhomogeneity 
and to the outer unbounded matrix. Both the inhomogeneity-coating interface and coating-matrix interface are modeled by 
a linear spring with vanishing thickness to account for the possible damage occurring on the interface. An analytic solution 
in series form is derived by means of complex variable method, with all the unknown constants being determined 
explicitly. The solution is then applied to the study of the dislocation mobility and stability due to its interaction with the 
two imperfect interfaces. 

15.  SUBJECT TERMS   

nanocrystals, dislocation mobility 

16.  SECURITY CLASSIFICATION OF: 17. LIMITATION  
OF ABSTRACT:

SAR 

18.  NUMBER 
OF PAGES 

    14 

19a.  NAME OF RESPONSIBLE PERSON (Monitor) 

a.  REPORT 
Unclassified 

b. ABSTRACT 
Unclassified 

c. THIS PAGE 
Unclassified 

          Mark Groff 
19b.  TELEPHONE NUMBER (Include Area Code) 

N/A 
 
 

Standard Form 298 (Rev. 8-98)   
Prescribed by ANSI Std. Z39-18 

 



Final Report for Task Order 0060 

On 


Gradient Materials Morphology Modeling Support 


by 

Ernie Pan 

Computer Modeling & Simulation Group 

Department of Civil Engineering and Department ofApplied Mathematics, 


University ofAkron, OH 44325-3905 

Email: pan2@uakron.edu 


Tel: 330-972-6739 


Duration: 08/09/2006-08/0812007 

Thanks to the sponsorship by AFRL 06-S531-060-C 1 and the supervision of Dr. Aj it 

Roy at AFRL, we have accomplished a couple of important subtasks under the four main 

tasks outlined in the proposal. These accomplishments have been published or accepted 

for publication in five peer reviewed journal papers. 

[1] 	 Wang, x., Pan, E., Roy, A. K., 2007. New phenomena concernmg a screw 

dislocation interacting with two imperfect interfaces. Journal of the Mechanics and 

Physics of Solids (In press, published online). 

[2] 	 Wang, X., Pan E., Roy, A. K, 2007. Scattering of antiplane shear wave by a 

piezoelectric circular cylinder with an imperfect interface. Acta Mechanica (In 

press, published online). 

[3] 	 Wang, x., Pan, E., Roy, A. K., 2007. A functionally graded plane with a circular 

inclusion under unifonn antiplane eigenstrain. ASME Journal of Applied 

Mechanics (In press, to appear in the September issue). 

[4] 	 Wang, X., Pan, E., Roy, A. K, 2007. Three-dimensional Green's functions for a 

steady point heat source in a functionally graded half-space and some related 

problems. International Journal of Engineering Science (In press, published 

online). 

[5] 	 Wang, X., Pan, E., Roy, A. K, 2007. A circular inhomogeneity with viscoelastic 

interface under antiplane shear. AIAA Journal (Accepted). 



Listed below is a more detailed description on our achievements. 

• 	 Dislocation mobility and stability in nanocrystals and electronic materials are 

influenced by the material composition and interface conditions. Its mobility and 

stability then affect the mechanical behaviors of the composites. In the JMPS paper 

[1], we first address, in detail, the problem of a screw dislocation located in an 

annular coating layer which is imperfectly bonded to the inner circular inhomogeneity 

and to the outer unbounded matrix. Both the inhomogeneity-coating interface and 

coating-matrix interface are modeled by a linear'spring with vanishing thickness to 

account for the possible damage occurring on the interface. An analytic solution in 

series form is derived by means of complex variable method, with all the unknown 

constants being determined explicitly. The solution is then applied to the study of the 

dislocation mobility and stability due to its interaction with the two imperfect 

interfaces. The most interesting finding is that when the middle coating layer is more 

compliant than both the inner inhomogeneity and the outer unbounded matrix and 

when the interface rigidity parameters for the two imperfect interfaces are greater 

than certain values, one stable and two unstable equilibrium positions can exist for the 

dislocation. Furthermore, under certain conditions an equilibrium position, which can 

be either stable or unstable (i.e., a saddle point), can exist, which has never been 

observed in previous studies. Results for a screw dislocation interacting with two 

parallel straight imperfect interfaces are also presented as the limiting case where the 

radius of the inner inhomogeneity approaches infinity while the thickness of the 

coating layer is fixed. 

• 	 In the Acta Mechanica paper [2], we present analytical solutions for the scattering 

of antiplane shear wave by a piezoelectric circular cylinder with an imperfect 

interface. We first consider the simple case in which the imperfection is homogeneous 

along the interface. Two typical imperfect interfaces are addressed: 1) mechanically 

compliant and dielectrically weakly conducting interface; 2) mechanically compliant 

and dielectrically highly conducting interface. The expressions for the directivity 

pattern and scattering cross-section of the scattered antiplane shears wave are derived. 
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We then investigate the more difficult problem in which the imperfection is 

circumferentially inhomogeneous along the interface. A concise expression for an 

inhomogeneously compliant and weakly conducting interface is derived by means of 

matrix notation. Numerical examples are presented to demonstrate the effect of the 

imperfection and the circumferential inhomogeneity of the interface on the directivity 

patterns and scattering cross-sections of the scattered antiplane shear wave. The 

circumferentially inhomogeneous interface is also utilized to model the interface 

where an arbitrary number of cracks exist. Results show that when every part of the 

interface is rather compliant, large low-frequency peaks of the scattered cross

sections as shown in Fig. 1, which correspond to the resonance scattering, can be 

observed no matter whether the interface is homogeneous or inhomogeneous. The 

appearance of large low-frequency peaks can be well explained by estimating the 

natural frequency of the corresponding reduced mass-spring system where the 

cylinder is assumed as a rigid body. Peaks of the scattered cross-sections spanning 

from low frequencies to high frequencies can be observed for a partially debonded 
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Fig. 1 Scattering cross-sections of the scattered shear wave for a perfect interface (dashed 
lines) and for a rather compliant and insulating interface a=O.If.11/R, jJ=O (solid lines). 

3 



cylinder. 

• 	 In the JAM paper [3], the problem of a functionally graded plane with a circular 

inclusion under a uniform antiplane eigenstrain is investigated, where the shear 

modulus varies exponentially along the x-direction ..By introducing a new function 

which satisfies the Helmholtz equation, the general solution to the original problem is 

derived in terms of series expansion. Numerical results are then presented which 

demonstrate clearly that for a functionally graded plane, the strain and stress fields 

inside the circular inclusion under uniform antiplane eigenstrains are intrinsically 

nOliuniform. This phenomenon differs to the corresponding homogeneous material 

case where both the strain and stress fields are uniform inside the circular inclusion. 

We consider an infinite FGM in the x-y plane, and assume that the shear modulus Ji 

of the FGM varies exponentially in x-direction as 

(1) 


where Jio is the homogeneous shear modulus and f3 the gradient factor of the FGM. 

We also assume that, within the FGM, there is a circular inclusion r =~x 2 + y2 S R 

which undergoes unifoffi1 antiplane eigenstrains &: and &;y. The boundary condition 

along the inclusion-matrix interface r =R is assumed to be fully bonded, and can be 

expressed in terms of the out-of-plane elastic displacements w(l) inside the inclusion 

and W(2) outside, as 

w(l} + w' =W(2) , 
aw(l) (r =R) 	 (2) 

or 
where w' = reG: _i&;y)e io +r(&: +i&;y)e-io IS the additional displacement 

corresponding to the unifomi eigenstrains .&:, &: . 
We now introduce a new function rp which is related to w through the following 

relation 

(3) 
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It is easy to show that, in tenns of the new function rp, the boundary condition (2) can 

be equivalently expressed as 

(r = R) 	 (4) 

, 

where rp(l) andrp(2) are within and outside the inclusion, respectively. They satisfY the 

(5) 

In view of Eq. (5), rp(l) and rp(2) can be expressed in tenns of series expansion as 

+00 

rp(l) 	 = LA~I)In(I,Blr)eine, (6) 

+00 

rp(2) 	 = L A~2)Kn (1,Blr)e ine , r?R (7) 
n=--a:> 

where In and K n are the modified nth-order Bessel functions of the first and second 

kinds, respectively; A~l) and A~2) are unknown coefficients to be detennined. 

By enforcing the boundary condition (4), we detennine the unknown expansion· 

coefficients in Eqs. (6) and (7) as 

[ A~l) 1 	 R [K~ (I,BIR) - Kn (I,BIR)] 
A~2) - K n (I,BIR)I~ (I,BIR) - I n (I,BIR)K~ (I,BIR) I~ (I,BIR) - In (I,BIR) 

(8)In_l (,BR)(£: -i£~)+In+l(,BR)(£: +i£;y) 1 r 
x 	 ~I {[In-2(,BR) + In (,BR)](£: -i£~)+[In(,BR)+In+2(,BR)](£: +i£;y)} , 

where the prime C) denotes the derivative with respect to the variable in the 

parenthesis. 

• 	 In the IJES paper [4J, three-dimensional Green's functions are derived for a steady 

point heat source in a functionally graded half-space, in which the thermal 

conductivity varies exponentially along an arbitrary direction. We first introduce an 
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auxiliary function which satisfies an inhomogeneous Helmholtz equation. Then by 

virtue of the image method which was first proposed by Sommerfeld for the 

homogeneous half-space Green's function of a steady point heat source, we arrive at 

an explicit expression for this auxiliary function. With this auxiliary function, we 

finally derive the three-dimensional Green's functiC?ns due to a steady point heat 

source in a functionally graded half-space. Also investigated in this paper are the 

temperature field induced by a point heat source moving at a constant speed in a 

functionally graded infinite space; the electric potential due to a static point electric 

charge in a dielectric space with electric field gradient effects; and two-dimensional 

time-harmonic dynamic Green's functions for homogeneous and functionally graded 

materials with strain gradient effects. 

The explicit expression of the three-dimensional Green's functions due to a steady 

point heat source in a functionally graded half-space can be finally derived as 

T=~exp[_j31X+j32y+j33(Z+h)]{exp[-a~x2 + y2 +(Z-h)2] 

4nko 2 ~X2 + y2 +(Z_h)2 

+ exp[-a~x2 + y2 +(Z+h)2 ]-2r rooexp[-a~x2 + y2 +(z+h+17)2 -r17]d 17} 

~X2 + y2 +(Z+h)2 0 ~X2 + y2 +(z+h+17)2 ' 

(z ~ 0) (9) 

The temperature field induced by a point heat source moving at a constant speed in a 

functionally graded infinite space is 

T=~ 1 
4nko ~(x - Vt)2 + y2 + Z2 

(V/kd)(X-Vt)+j32y+j33Z ~(V/kd)2+j3;+j332 ~( r~)2 2 2]
X exp[ - - x - rt +Y + Z 

2 2 

(10) 
The electric potential due to a static point electric charge in a dielectric space with 

electric field gradient effects is 
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¢ =~1-exp(-rl~x2 + y2 +Z2) 
(11)

4JrE ~X2+y2+Z2 . 

It is of interest to observe that Eq. (11) for the expression of the electric potential due 

to a point charge in a dielectric ceramic with electric field gradient effects is still finite 

(or non-singular) when r = ~x 2+ y2 + Z2 ~°(i.e., 'When approaching the location 

of the electric charge). More specifically 

lim¢=~, (12) 
r-tO 4Jr E I 

which is inversely proportional to I. Furthermore it can be proved that 

limd
n ¢ =(-If Q l' (n=O,1,2,3, ... ), (13) 

r-tO dr n 4Jr E (n + l)zn+ 

dO¢ 
where -0 =¢. 

dr 

The two-dimensional time-harmonic dynamic Green's functions for homogeneous 

and functionally graded materials with strain gradient effects are 

W = P [lJr H~l)(klr) - K o(k2 r)], (14) 
2Jr.J1 + 4k2[2 f.1 2 

for a homogeneous material, and 

(15) 

or 

(16) 

for a functionally graded material. 

• 	 In the AIAA paper [5], we address in detail a circular inhomogeneity with 

viscoelastic interface subjected to remote uniform antiplane shear stresses. Both the 

inhomogeneity and the surrounding matrix are assumed to be elastic and quasi-static, 

while the interface is viscoelastic modeled by a linear spring and dashpot. Exact 

closed-form solutions for both the Kelvin-and Maxwell-type viscoelastic interfaces 
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are obtained by means of the complex variable method. It is observed that when the 

matrix is subjected to remote uniform shear stresses, the stress field inside the 

inhomogeneity, although time-dependent, is still uniform. The derived solutions are 

then used to predict the time-dependent effective shear modulus of the composite 

based on the Mori-Tanaka mean field approximation., 

By using the Mori-Tanaka mean-field method, the time-dependent effective shear 

modulus of a composite containing randomly aligned fibers of the same radius with 

Kelvin-type interface on the xy plane can be derived to be 

1 [111 + 112 + X(112 - fJ,,) 2f-it ( X + 1 )] 

• - c (X + 1)(111 +112) - (X + 1)(fJ" + 112) exp - -r- t 


(17)
11 =112 [1/ + /I + X( /I - 11.) 2 11 ( X + 1 )]'1+ c rl r2 r2 r1 _ rl exp - -- t 

(X + 1)(111+ 112) (X + 1)(fJ" + 11z) r· 

where 11' is the time-dependent effective shear modulus, c is the volume fraction of 

the fiber. It is seen that the effect shear modulus is determined by the shear moduli of 

the fiber and the matrix, the volume fraction c of the fiber, the interface rigidity X, the 

characteristic time r 
The time-dependent effective shear modulus of a composite containing randomly 

aligned fibers of the same radius with the Maxwell-type interface on the xy plane can 

be derived as 

1 - C[1 _ 2XfJ" exp(-. Xl )] 
" ~ jJ, [ (X + I)(p, + jJ,) r(x + I) J (18) 

1+ C 1- 2XfJ" exp(- Xl ) 
(X +1)(fJ" +112) rex + 1) 

It is added that the method presented here could be extended to address the interface 

described by a standard linear solid model, which combines the Maxwell-model and a 

linear spring in parallel. 
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